Experiments were conducted to investigate the effects of water on asphalt-aggregate mixtures. Both neat and oxidatively aged asphalts were studied. Results have shown that the moisture susceptibility of a neat asphalt-aggregate system is both asphalt source and aggregate source dependent. Highly siliceous aggregates tend to form mixtures that are susceptible to water damage no matter which asphalt they are combined with. In the systems reported here, oxidative aging improves resistance to water stripping, even in mixes of siliceous aggregates. It can be concluded that the chemical composition of both asphalt and aggregates are important for bond formation at asphalt-aggregate interfaces and for resistance of the bonds to water attack. In addition, the results suggest that polar additives similar to those generated during oxidative aging may prove to be effective anti-strip agents. The results also suggest that recycled pavement may have an advantage regarding resistance to water action. Asphalt-water-aggregate interactions depend mainly on the affinity between components of the binder, water, and the surfaces of aggregates.
Introduction
Stripping as a result of the action of water has long been recognized as a cause of asphalt pavement damage. Determining the detailed mechanisms by which water causes pavement damage has been the objective of studies by several investigators [1, 2] .
Asphalt cement may be thought of as a glue that, mixed with filler, forms the mastic that coats the surfaces of aggregate particles and holds the aggregate particles together. Water reduces the effectiveness of asphalts in the above role. The effect of water on the adhesion of asphalt cement films appears to be a complex phenomenon. Several theories have been proposed concerning the mechanisms of stripping [1] . None are completely adequate. It is reasonable to speculate that more than one mechanism of moisture damage is operative.
The objectives of this study are to identify the chemical types in asphalts involved in binderaggregate interactions that are most strongly influenced by water, and to attempt to evaluate the influence of aggregate surface chemistry on interactions with water. In order to accomplish these objectives, several combinations of asphalts and aggregates chosen from those studied during the Strategic Highway Research Program (SHRP) were prepared. These mixtures were treated with water, and the results of the water action were measured. The data reported below are scouting experiments which precede more detailed studies designed to achieve the above objectives.
Experimental
SHRP asphalts are coded using three captial letters to designate source, followed by an arabic numeral to designate viscosity grade. Two SHRP asphalts, AAD-1 and AAM-1, were used in this study. Asphalt AAD-1 is a high-sulfur asphalt with a high asphaltene content [3] . Asphalt AAM-1 is a low-sulfur, high-nitrogen, low-asphaltene asphalt. Asphalt AAM-1 is considerably more viscous than AAD-1 [3] . SHRP aggregates are coded using two capital letters. Those used in this study were two granites (RA and RB), two limestone (RC and RD), a greywacke (RH), a basalt (RK), and a gravel (RL). Compositional data for these aggregates are provided in Table 1 . The aggregates were sieved, and the size range which passed a 3/8" (9.5 mm) sieve and was retained on a no. 4 (4.75 mm) sieve was used in the following experiments. The sieved aggregates were washed with water and then were dried. Mixtures were prepared by weighing out amounts of asphalt sufficient to form 5% by weight of the total mixture. The aggregate was heated to 150°C (302°F), and then the asphalt was mixed with the aggregate in a Double Planetary Mixer for 5 minutes. After mixing, aliquots of the mixtures were transferred to 250 mL beakers. A 2-inch (5.08 cm) diameter cylindrical stainless steel rod weighing 200 g (7.054 oz) was applied to the top of each mixture for specific times to obtain identical air void content (similar to the conventional Marshall method). After compaction, the beakers were covered by aluminum foil. Twenty-eight specimens were prepared using neat asphalts. All of the samples were then placed in an oven maintained at 40°C (104°F) for 3 days for conditioning. Half of the beakers then were removed from the oven, and 80 c.c.(mL) distilled water were poured into each of these beakers. The water treated beakers then were covered with aluminum foil and returned to the 40°C (104°F) oven for 7 days (168 hours). The beakers not treated with water are controls. At the end of the seven day treatment, pictures were taken with a digital camera (KODAK DC265 Zoom).
Separately, samples of asphalts AAD-1 and AAM-1 were oxidatively aged. A preliminary rolling thin film oven (RTFOT) treatment was performed, followed by pressure vessel aging (PAV) at 80°C (176°F) for 144 hours. This procedure has been described previously [4] . The oxidatively aged asphalts then were mixed with aggregates and were treated with water as described above. 3. Discussion Figure 1 shows samples of asphalts AAD-1 and AAM-1 mixed with RA (Lithonia) granite after water treatment in an oven for 7 days at 40°C (104°F). It is evident that in both cases exposure to warm water has caused extensive stripping. The mixture containing AAM-1 appears to have stripped to a greater extent than the AAD-1 mixture. Based on these experiments, it might be speculated that stripping might occur with RA granite (which reputedly is a stripper) no matter which asphalt is used. Obviously, more asphalts must be tested in combination with RA before this can be stated with certainty. Control samples (not pictured) not exposed to water exhibited no stripping tendencies in these or other mixtures studied.
Siliceous aggregates such as granite are acidic in nature, and RA is highly siliceous ( Table 1) . These kinds of aggregates appear to have high affinity for water, and asphalt films on such aggregates may become detached after fairly short exposures to water.
RA/AAD-1 RA/AAM-1 Figure 1 : Mixtures of aggregate RA with asphalts AAD-1 and AAM-1 after water treatment at 40°C for 168 hours Figure 2 shows samples of asphalts AAD-1 and AAM-1 mixed with RB (Watsonville) granite after water treatment as described above. RB granite reputedly is a non-stripper. In both cases, much less stripping has occurred compared with the RA mixtures. In the case of RB, asphalt AAM-1 appears to have experienced less stripping than AAD-1, the reverse of what is observed in the RA mixtures. RB aggregate is not nearly as siliceous as RA (Table 1 ). There are substantial amounts of calcium, magnesium, and iron in RB, elements that might be expected to provide stronger binding sites for polar molecules in asphalts. The asphalt-aggregate bonds at such sites appear to be able to compete better with water. Thus, it is evident that aggregate composition plays a significant role in moisture susceptibility. Figure 2 also shows samples of AAD-1 and AAM-1 mixed with aggregate RC (a high absorption limestone) after water treatment. Reputedly, RC is a non-stripper. The RC/AAM-1 combination appears to resist the action of water fairly well. Youtcheff [2] reports that asphalt AAD-1 is prone to stripping. Figure 1 shows that, even with a reputed non-stripping aggregate, AAD-1 is noticeably displaced by water. Samples of AAD-1 and AAM-1 mixed with aggregate RD (a low absorption limestone) after water treatment are also shown in Figure 2 . In this case, asphalt AAD-1 exhibits superior performance compared with AAM-1. Limestone is composed primarily of calcium carbonate or combinations of calcium and magnesium carbonates with varying amounts of impurities, the most common of which are clays. Limestones are classified as basic rocks. Asphalts contain fairly large amounts of polar acidic components. In theory, bonding of asphalts with limestones should provide surfaces that resist water action. It is known that limestones usually are superior aggregates with respect to moisture damage. However, even with limestones, the choice of asphalt may be important. Figure 3 shows samples of the two asphalts with RH aggregate, a greywacke, after water treatment. A greywacke is a sandstone mixed with gravel, silt, and clay [5] . There are numerous non-siliceous sites for bonding with polar components of asphalts even though RH is two-thirds silica (Table 1 ). In particular, RH is rich in iron. Nevertheless, RH combined with either asphalt AAM-1 or AAD-1 does not produce a mixture that resists water action, although AAM-1 appears to perform better than AAD-1. Figure 3 also shows water treated mixtures of RK aggregate, a basalt. Basalts are siliceous, but contain substantial amounts of more basic elements ( Table 1 ). The composition of RK resembles that of RB, Watsonville granite, even though they are two entirely different kinds of rock. The behavior of RK mixed with two asphalts AAM-1 and AAD-1 also resembles that of RB mixed with the same asphalts. The mixture of AAD-1 with either aggregate is susceptible to water action. Mixtures with AAM-1 are not.
The remaining mixtures of the two neat asphalts are with RL gravel. Both mixtures are particularly susceptible to the action of water (Figure 3 ). Based on above qualitative observations, the stripping tendencies of the aggregates mixed with asphalt AAD-1 may be arranged as follows, going from mixtures of greatest to least susceptibility: RL = RA = RH < RK < RB RC < RD.
Of these mixtures, only the one with RD exhibits strong resistance to water action. Stripping tendencies of aggregates mixed with AAM-1 may be arranged in a similar manner: RL = RA RH RD < RK < RB < RC. Several of these mixtures exhibit good resistance to the action of water. Based on the above limited data, AAM-1 is superior to AAD-1 with respect to moisture susceptibility in most cases. This correlates with reported moisture sensitivity in pavements. Three aggregates perform poorly with both asphalts, which again agrees with field observations. In addition, it appears that RB granite will provide better water-resistant mixtures compared with the other siliceous aggregates, RA, RH, RK, and RL. However, more asphalt mixtures with these aggregates need to be investigated to confirm the above trends.
Experiments involving mixtures with oxidatively aged asphalts contacted with water also were performed. Samples of asphalts were oxidatively aged as described in the experimental section (RTFO-PAV; 80°C [176°F], 144 hours). The oxidatively aged samples were then mixed with aggregate and then were treated with water under the same conditions as the unoxidized mixtures.
The mixture of RC limestone with unaged asphalt AAD-1, when exposed to water, proved to be susceptible to water stripping (Figure 2) . However, the mixture of oxidatively aged AAD-1 and RC limestone resists attack by water under the same conditions ( Figure 2 ). Similar behavior was also observed for combinations of aged asphalt AAM-1 with various aggregates. The pictures of these mixtures are not shown. The combination of RB and RC with oxidatively aged asphalt AAD-1 was used for purpose of illustration because unaged asphalt AAD-1 forms mixtures with these aggregates that are susceptible to moisture damage. Mixtures of oxidatively aged AAM-1 with RB granite and R C limestone also resist water stripping. The combination of unaged AAM-1 with RB aggregate resists water fairly well, but not nearly as well as the combination of oxidatively aged AAM-1 with RB. These observations suggest that, with respect to water stripping in pavements, a moisture sensitive asphalt that has been oxidatively aged may perform satisfactorily, possibly even when mixed with a stripper aggregate.
Obviously, the process of oxidative aging in the RTFO-PAV procedure generates compounds that behave as anti-strip agents. It is known that the principal products of oxidative aging are aromatic ketones and sulfoxides [6] . These are polar organic molecules. They appear to be more effective at protecting asphalt-aggregate interfaces from water action than the polar molecules present in neat asphalts. For example, asphalt AAD-1 is particularly rich in polar organic molecules, yet reputedly it is a stripper. Asphalt AAM-1 reportedly is a non-stripper, yet it contains relatively fewer polar organic molecules. So the absolute amount of polar organics originally in an asphalt does not determine its stripping tendency. The results also indicate that aggregate surface roughness, identical in mixtures of a given aspahlt aged or unaged, is not as important as the interactions at the asphalt-aggregate interface. If the results observed with limited numbers of oxidatively aged asphalts prove to be examples of a general trend, then mild aging should confer resistance to moisture damage. Usually, asphalts do not experience much age hardening until several years after pavements are laid down. This may explain early failure of pavements from moisture damage. The results also suggest that recycled pavements may have an advantage regarding resistance to water action.
Conclusions
A simple laboratory procedure was devised to qualitatively test the ability of mixtures of SHRP asphalts and aggregates to resist water stripping. Neat asphalt and oxidatively aged asphalts were combined with uniformly sized aggregates and the mixtures were exposed to water for three days at 40°C. After this treatment, many mixtures exhibited obvious stripping of asphalt from rock surfaces (untreated controls did not), while other mixtures remained intact. Resistance to water stripping was a function of the particular asphalt-aggregate combination, as would be expected. One of two asphalts studied formed water-resistant mixtures with only two of the seven aggregates. The other asphalt formed water-resistant mixtures with more of the aggregates. Resistance to water damage may not be a function of the amount of polar materials originally present in an asphalt. Oxidative aging of the asphalts resulted in marked improvement in moisture resistance. The polar materials generated by oxidative aging of an asphalt may have better antistrip properties than some of the polar molecules originally present. It may be possible to design model additives that are similar in structure to those generated by oxidative aging.
